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This report fulfllls In part the portlon of Contract SNP-Ip Subt_sk 1.2, :_

requiring mpeelal technical reports on analysis of l_rk llI TPA test data and I
results of teets.
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Report _-S-OllO I

z. cc,szo s

The _2 lzmiptn8 performance of the Mark 1_I Nod 3 turbopm_ was docu-

mented st :treacly-state conditions vlth • straight inlet pipe as follovs:

I. Shaft speeds between lO,_X)and 2_,200 rpm.

2. Q/N values between dIFi_uler stall limits and 0._75 gal./rev.

3. _/_ values between O.lO x 10 "6 and 5.0 x lO "(_ ft/rpm 2.

The LH2 p_ptng efficiency of the Hark III Nod 3 turboptmp in con_lune-

tion w_th the alternate 1 eenterbo4y inlet was k. 5 to 8_ below that obtained

with the straight inlet pipe with the same pump eompoaam_ over the given

range of conditions.

Conditions at which p_ping data were obtained with the eenterbo4y inlet

were as follove:

1. ShaFt speeds between 18, 5OO and 2_,_O rpm.

2. Q/N values between O.2_ and O. 32 _al./rev.

" 3. NPSH/_ values between O. E x 10 "_ and _.O x 10 "_ ft/rpm E.

Turbine efficiency and Flow parameter (W T/P) values were documented,

using data from ambient temperature _2 tests for two-and three-sta_e turbine_.
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Report D-8-0110

_. me_T _ cowcu_IONS(coot.)

The ptmplng performance vlth LH2 vas not the same as that experienced vhlle
pumping water: at the sue NPSil/N2 and Q/R values, the A H/N2 and pumpefficiency

: values differed. (Test results obtained vtth water as the test fluid were presented i

in F_ure 6 of Report SST 1.2.3-6A-R-O01 by E K klr, 9 March 196_.)

The conventional pareaeters,_ H/N2, Q/N, and puRp efficiency, do not com-

pletely nornallze (LE2 puap_ test results) at all conditions: There was an NI_

effect and an additional _ speed (secondary) effect.

Diffuser stall ltalts were affected by inducer Inlet NPSB values, i

Should a cent_rbody Inlet be required, fUrther test_li would be reqtired to

determine the capeb£11ttes of the TPA under different conditions. The present

available data with the alternate 1 centerbody inlet is not suff$clent to allow the

documentation of pump characteristics at high (Q/N • 0._0) and low (Q/N • 0.20)

flows and low suction (l_SP • _ psi) pressures.

Present test plans call for demomtrlttnE pump _p_bllttles at low to high flows

and lov to high suction pressures, at constant rim's (N ( 15000 rpm). The accumu- ..

lated data viii be used to determine breakavay torque and mtr.lnmm chtlldown times.

II. DISCUSSION

i.
The performance of the _ERVA turbopump assembly vhile pump£M liquid hydro-

6en (LH.) and the =ethod_ used in arr|v|_ 6 at such performance are discussed below. :

The majority of the enclosed plots represent data obtained vtth the Mark III

Mod _ TPA_ uttllztn_ two different inlet systems. The first system incorporated a ._

r*ra_6ht Inlet pipe (F_ure 1); data for _his system was obtained from Test Series

• 1.2-O_-NXP, 1.2-06-NNP, and 1.2-08-HI_P. Ser_es 1.2-O_-HXP and 1.2-06-NHP differed _
l'romSeries 1.2-O_NNP by the metho4 of tur_,,_nedrlve--cold.6as(ambientgaseous

1976072722-007
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I_, Discussion (cont.)

hy o e , drive hot- s(60Oto8OO°productsof comt..,s-
p tlon) drive, respectively (see Figures 2 &rid ) for test area setup). The secon_

A inlet system utilized a centerbod_ inlet (alternate 1) _SOV tank and tank shutoff

. valve (TSOV). This configuration was used in order tO more closely approximate

._ conditions at the bottom of the engine tank. Data from Test Series 1.2-09-NNP was i_

obtained with the centerbody configuration (Figure _) usir_ cold-gas (ambient _H2)

I

turbine drive (see Appendix C for impeller and housing test history).
_b

' Nondimensional relations were utilized. In the process of applying the laws

, of similitude, it was revealed that the pump performance plrameters would not

Jcompletely normalize over the entire speed range. However, a range of 15K to 24K

_. rlxn _s sufficient for a meaningful analysis of pump perfor_lnce.

The data presented in Figures 5 thru 22 are representative of pump per-

for_nce durir_ tests with both the straight and the centerbody (alternate 1) inlet

system.

It is to be noted that the data points given re_resent the "steady-state"

portions of the run. For example, the run time between _ and _9 sec during Test

1.2-C_-NNP-O0_ (Figure 2)) was considered to be at steady-state conditions. It is

for this reason that these plots are more representative of steady-state performance

than previously published curves.

Yig_res _ to l_ represent head r_se versus suction head ( _ vs _).s

tabulated from all of the test series (see Appendix B for _ra_eter description

and methods of calculation). An e_ami_ation of Figures 10, 11, and 12 reveals a

_% to _% decrement in head between data obtained with the centerbody inlet and

straight inlet line. This difference in perfor,_nceHis also evident where pump

efficiency is plotted a_inst suction head ( _p vs _ ). With respect to Figures£1

18, 19 and 20, it should be noted that the measured suction pressures were taken

a

Page 3
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Report RN-S-OIIO _

I1, Disucssion (cont.) i i

at different locations for each inlet system: at a station 14.3 in • from the ._
p'mnpinterface for _he straight inlet, and at 75 in. from the Inter-face for the

alternate ! centerbody inlet. Measurement points were selected that were i

compatible with smooth flow. A direct coml_Lrison of data for the same NPSH,

therefore, does not properly account for inlet pipe friction flow losses and I i

heat transfer losses. A comparison of Figures 2_ and25 ( _ vs N_) and I

(_ vs N_)' inaddlti°nt° the curves mentl°ned previ°usly' I "Figures 26 and 27 p

reveals this difference in performance.
A

It should be noted that the solid lines indicate performance substantiated
a_

by test results, and the dotted lines indicate predicted performance (except where

Hs_v
=o.2x  o-6 strictinlet,wherethepo _ntof offat =

rpm

has been substantiated).

Fi&-Are28 (N__ v. N_ ) demonstrates the greater operating limits of the ""
AI

pump when the straight inlet is used instead of the prototype inlet line.

Figures 30 and 31 reveal the shift of the stall limit with a change in speed.

The cross-sectional view (Figure 29) of the housing used during Test Series 1.2- .-

09-NNP shows that this shift in stall could not have been caused by a faulty ;.

housing. In determining the stall limits, stall was defined as that time when a ,.

sharp decrease in head rise resulted as either Q/N _s decreased, N was increased,
NPSH

or -- was decreased without any other condition _ameter change. _,e stall

limits were determined from computer printout and oscillograph data.

_ne pump performance ma_, Figures 32 to 36, demonstrate the capabilities

of the pump with the straight inlet at 20,000, 22,OOO, and 2_,OO0 rpm at

Hs--_v(net positive suction head) w_lues of 2 x 10 -6, 1 x 10-6, 0.5 x 10-6, 0.2 x 10 .6 I

ft
and 0.15 x 10 .6 _ • _ne predicted perfor_nce at 26,000 rl_ is also shown; the

rpm

data represents pump perfor._nce with the lor_-inducer impeller (Mark III |

!

I
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j Disc- ssion(cont.)

_) " Mod 3 impeller, Figure 37). These plots are based on the _--vs and P vs N-

plots and are the result of cross plotting, not the actual plotting of data points,

_e values of NPSP noted on the maps were determined by converting the net

positive suction head to pressure. This was done by using the inlet (suction)

"" specific weight. To determine the weight rate of flow propellant, it was

necessary to determine the relationship between suction and discharge specific -_

_. weight (flowmeter) at discharge). Figure 38 reveals this relationship. It is of •

interest to note that the fluid density at the pump discharge was greater than

the fluid density at the pump suction during the tests with the straight inlet :

and that the discharge density was less than the density at the TSOV tank during

tests with the alternate i, gimbal inlet (Figure 39).

Figures 40 to 43 depict pump performance with the alternate I centerbody

inlet. It should be noted that the test data for the alternate i centerbody

_nlet was limited to Q/N values in the range 0.25 to 0.32. The greater part of

the performance presented in these curves was based on the assumption that the ":,!

performance with the straight inlet would differ from the performance with the :_

alternate i glmbal inlet by a constant, at a given Hsv • This assumption was ?
3
'f.

based on a comparison of the dat_ obtained, which is shown on Figure 44. The i

, assumption, though not completely substantiated, appears to be quite valid at i
high suction heads; however, the validity break_ down somewhat at low flow rates

and low suction heads.

._ne stall limits of the pump are noted on the map. These were obtained

from the plots of rpm vs Q/N and _ vs N_ (Figures 28 and 31).

Figures _5, _6 and _7 represent pump performance with the straight inlet

at NPSP's of 2, 5, and i0 psi, res_ectivcly, at various speeds. F_om these

curves it was possible to present performance maps at constant NPSP values, as

shown in Figures &8, _9, and 50. Similar maps for the alterrmte 1 centerbody

i
Page
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ii Discussion (cent •) _'
,f

inlet are also presented (Figures 51, 52, and 53). L.I_,e_elatter maps were also

based on the assumption t_t pump performance with the straight ir&_ differ; i.y !
: _cm_ cons+_nt from performance with the aiterr_te I centerbody in:_*, at a given V

net positive suction head. _
|

i:
Figures 54 and 55 illustrate the three-stage and two-stage turbine flow, _.

-: Wt
re_ectlvely, versu_ the _urbine press'Are ratio ( .. vs Pt )' where R.

PTTI ,-

I_ the _otal turbine inie_ pressure divided by the static turbine e_u_t

pressure (P,_i/PTe). Figures 56 and 57 show cross-sectional views o_ the two i

turbine configurations. As expected, the two-stage turbine (comparing cold-g_s

drive power levels ) demonstrated a higher choked output than the three stage:

W T_T i

PTTi of 0.475 for the two stage and 0.28 for the three stage at Rt,s_2;
L

this, because the two stage is a modification of the three stage (three stage

with first stage removed) and has a greater firs_ nozzle throat area than ther

three stage (Figure 58).
i

Figures 59 and 60 show the two- and t_hree-stage turbine total static

efficiencies, respectively, versus speed parameter (_t vs N/ _ for the col_

• gas (ambient H2) drive test series _t various to+_l inlet to statlc-exhaust-

. pressure ratios. The efficiency presented (_t2) depends upon shaft horsepower

(SHP), which is calculated from p'aap efficiency based on enthalpy rise through

the pump. it could be expected that the I._-09-NNP series would demonstrate a

lower turbine efficiency than the 1.2-06-NNP series because of the number of

t-irbine stages used; there were three stages during the 1.9-06-NNP series &nd

..ly tMo during the 1.2-09-NNP series.

In Figure 63, whereAp vs W is plotted, lines of constant,,__, Q/N and
ft :

P._i' are presented for an Hsv = 0.2 x 10.6 _ , a TTi of ii_0_ and Rt =
V rpm

I0. In order to get the lines of constant P_i' it was assumed that the actual

energy output of the turbine (_ tW _ hi) equals the input or available energy i

of the pump W _P • Because TTi was given as lifO°R, it, was possible to go to

l_ge 6 :"

J
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I_, Discussion (cont.)

Curve 9675:64-076 t2 vs N ) and obtain values of t for various speeds.

_ w _p,and)l wereobtainedfromC_ve9675:_-03_(_rfo_nce_p of_ P
• "" I P' P

vs W with lines of cons_nt_ p, _/N, and N) for various Q/N's and speeds.

which equals Wt _ hi, was then tabulated.

|
The T-s diagram, 600°R to 5000°R for 20.4°R equilibrium hydrogen, was

I then employed to determine ,%hi. PTTi's (values of 600, 500, 400, ._00,200,

and 150 psia) were chosen along an isotherm of l140°R, and PTe's one-tenth the

I value of the PTTi's were taken along isentropes. Measurin_ the enthalpy for the

various pressure drops yielded_ hi. %

Because Wt is related to PTTi and TTi by the x'elationship Wt . =

/" 0.475 for an Rt - i0 (Figure 55), a plot of Wt _ i vs PTA_Awas documented

_i I (m_urc6_).

Given the tabulated values of (equal to W _ i)' PTTi was.
obtained from the Wt ,%_ i VS PTTI curve. PTT_ was then plotted against pump ii:_

,_ weight flow (QIN converted to Figure 62 lines of constant PTTi were then _I!
drawn on the perfor,mnce map (Fitzure63). _

_ The M_rk Ill Mod 3 pump configuration was as follows : %,

:" Impeller discharge tip diameter 11.9 in. _
_.. #u-

i"' I Impeller inducer outside diameter 6.95 in. _
., Impeller discharge tip height 0._85 in, 'i:

i: Diffuser throat height 0._5 in. 2

, _-,,, Diffuser vane entrance (ineide diameter) 12.68 in. "
Inducer angle (to direction of rotation) 8.25 ° _:

Diffuser angle (to tangential) 9._ o :':

Page7 _,
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rl_ LIST

StraiKht Inlet Line 1

"" H2 (Cold) Gas Drive 2
Gas Oenemtor Drive 3 I

., Alternate I Inlet _

" Head _se ve Suetton Head q/_.._0 to ._ge 5

_ Head R!se vs SuctiOn Heed Q/N - .b]O to .k_) 6

• Head Ris_'vs Suction Head q/N - ._5 to .l_b5 7 /

-_ HeadRise vs Suction_ _ - .3to to .Y/$ 8
Head Rise vs Suction Hesd q/ll = , 320 to ,3bO 9

", Head Rise vs Suction Read Q/N - . _X) to .320 10

Head Rise vs Suction Head Q/N - .L_ to . 300

Head Rise vs Suction Held q/N - .2_) to ,_ 12

_ Head Rise vs Suction Bud q/M - .220 to .2r)O 13 !

': Head Rise vs Suction Head _/N - .200 to .220 1_

Pup Efficiency vs Suction Head Q/N = .k30 to .1_O 1_

Pump Efficiency ws Suction Head Q/N = ,3_0 to .375 16 _ :

PUp EFficiency vs Suction Head Q/N = , 320 to .3liO 17

Pump EFficiency vs Suction Head Q/H = ,300 tO .320 18

Pump Efficiency vs S_ction Head Q/N - ._v75 to .300 19

: Pump Efficiency vs Suction Read Q_N - ._0 to ._5 _0

i PtunpEfficiency vs SuCtion Head _ • ._0 to ._0 21

_., _ Efficiency vs Suction Head Q/_ • ,200 to ,_0 22

Performance Parameters vs Time. 23

_. Head Rise vs Flow StratKht Inlet 2_

Head Rise vs Flow Alternate ! Gimb_l Inlet 2_

_ , Pump Efficiency vs Flov Straight Inlet _6

Pump Efficiency vs F_ov Alternate 1 Oimbal Inlet 27

_" Stall Limits 28

Cross Section Pump Houstr_ S/N 1911 29

"i _" Stall Limits (StraightInlet) N vs Q/N 30

- Stall Limits (Prototype Inlet) N vs Q/N 31

I 1 , :
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Report IW-S-OZIO_ Appendix A L

L_ l_i_ hrfons_e 8trai_t ]_let- _. 0.2 x ".0"6 --_" 35 _nun" i

LH2 Pumpir_ l_rformnee Stmi_t _ - = 0.1_ x 10"_ 367 ,,.
LL-J:J

Pu_ Impeller, Nsrk III _ 3 37
_e.nsity _tio vs _k_tion _ 8tratJht Inlet 38

l)enslty Ratio vs _ticm Head Al_te I - Oi_bel _% 39 '

_ _l_ _,o_.. _.=, zoi_ _.t - -_. o.___o_ __-_= ko i
rl_ !.

_,__._i., _,,o,... ,z..,,t, zo_,_ _,t - -_. o._,,zo"_.._n _z i
W-

-/; tt :
z_a _ir_ _ri, o_ AZt.rr_ Z ol,,e.,_ z.ze_ - _. z.o x ].o_ _ I,_!I- i

z_a _i_ Perform, _z_,m,_,z oi,_z z,zet - --_- _.ox zo"6--_ _3if

Head Ris_ to Flow l_latlonshlp l_ototype and 8trallht Inlet Lines k_l !

Head Rise vs l_ow 8trailllt l_et _ • 2 psi II5 r
i

Head Rise vs F1ov Strailht Inlet _ = 5 lZJt I,_ !.

., Head Rlse vs Flov 8trlllllt ]_let _ = 10 psi k7

; LH2 Pu_in_ l_rFonmnee Straight ]_let - lIMP • 10 psi I_ i_.

IJl2 Pu_plnl Perfomsnee 8trallht met - III_P. 5 psi

:! _i 2 Pu_lr_ PerFormnce 8tmiEht Inlet . mP - 2 psi _0 '_:
LI

_ 1_t_; PerFonmnee Alterrmte 10i_l Inlet; - IIPBP = 10 psi

lti i
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: ok

FI(;UI_ LIS2' (cont.)

• U! 2 l_npLnl; Pertonmnee Alternate I G1i1_1 Inlet - IlP3P = 5 psi

• **" 52

' Ui 2 lq_ptn_ Pertonmnee Alten_te 1 Glair1 Inlet, - ]IPSP = 2 psi

-, :;3

_N-St_q_ Y._Ine Pez#onmnee _-_ vs I_ 5_
?

"' ?vo-Stalle Tuz'binePerfoz'mnee W---_-wsPTTI _ 55 :"

Third _Amemtioa Tu_qp Taree-StaM Turbine ' 56

Nark IZX Turb_ Tvo-Sta6e Turbine * 57
¢

11_blne Pm_r Increase kqutremnt 58

1_o-Stq_e Turbine l_z_ronmnce q t2 _ _9

'fhree-Stase 'l_-'bine P,rfor,nace qt_ 60 .

Pover Outl_t w8 Inlet Pressure 61

Turbine lnlet Pressure vs Pump Flov l_ate 62

_.,_.,,,.,o...o.=.,_, _.,- _. o.,,-,o"6--_ ,_. _-, _
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Alternate 1 Inlet
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_ter Descrl_tlou Vjntts"-- " i NNn n

A H Head rise ft

H liet posltive suctio, head ft
5y

r_ spee4 rev/x,n
PJmpeff*clency)1,
Turb 1he efficiencyqt

Q Volumetric flov Kal/min

P Pr*.-asure psi

Rt T_rbtne pressure rat_.o
Sl_ Shaft horaepower lip

T T_lmrature eF, "R

Wt Turblne flow rate lb/6ee

Method ot Calculation Unit..._8

£ H "_8°2 (hdt-hs) 1_

Where As - Suction area ln. 2
ECPS - Elevation correction

Ps - Su_tto_ pressure psta

Pvp = Vapor pressure psia
SVS = Specific volume at ft 3

s_.".tlon

hdi'hs

_ 3_,_2o(sliP)(zoo)
(co)2

ft
where._.o - Isentroplc spouting ---

re.lottry see

PaGe 2
!
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j s_mbol N,,_l_ ot _cula_Ion Unlt._.__s -"TT£

where PTT£ = _ turbine inlet psia
pr_essure

presm_re

s_ nm x loo In,

Wp Nc
where SVD - 61_clftc volumeat f%3
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